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ABSTRACT
In the standard AGN reverberation-mapping model variations in broad-line re-
gion (BLR) fluxes are predicted from optical continuum variability (taken as a proxy
for variations in the ionizing continuum) convolved with an impulse function that de-
pends on the geometry of the emitting and reprocessing regions. However, it has long
been known that BLR variability can deviate from these predictions. We analyze both
extensive long-term Hβ and continuum monitoring of NGC 5548 and a large sam-
ple of high-quality Hβ light curves of other AGNs to investigate the frequency and
characteristics of anomalous responses of the BLR. We find that anomalies are very
common and probably occur in every object. Onsets can be on a timescale only slightly
longer than the light-crossing time and durations are of the order of the characteristic
timescale of variability of the optical continuum to several times longer. Anomalies
are larger when NGC 5548 is in a low state, but otherwise there is no correlation with
continuum variability. There is abundant evidence for the optical continuum of AGNs
varying independently of the higher-energy continua and this is sufficient to explain the
anomalous responses of the total BLR flux. There are good reasons for believing that
the frequent lack of correlation between different spectral regions is due to anisotropic
and non-axisymmetric emission. Rapid changes in line profiles and velocity-dependent
lags are consistent with this. Motion of compact absorbing clouds across the line of
sight is another possible cause of anomalies. The prevalence of anomalies needs to be
taken into account when planning reverberation mapping campaigns.
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1 INTRODUCTION
Lyutyi & Cherepashchuk (1972) and
Cherepashchuk & Lyutyi (1973) demonstrated that the lag
in the response of the broad-line region (BLR) of active
galactic nuclei (AGNs) to changes in the continuum could
be used to infer the size of the BLR. This technique is
now called “reverberation mapping (Blandford & McKee
1982). Starting with Antonucci & Cohen (1983) and
Ulrich, et al. (1984) there have now been a large number
of monitoring campaigns using modern detectors to study
BLR variability. Gaskell & Sparke (1986) introduced the
interpolated cross-correlation function method for deter-
⋆ E-mail: mgaskell@ucsc.edu
mining lags from irregularly-sampled data and showed that
BLR sizes were much smaller than was thought at the
time. The cross-correlation method has now been applied
to many hundreds of time series to determine sizes of
regions reprocessing radiation in AGNs. Gaskell (1988) and
Koratkar & Gaskell (1989) used the method to perform
velocity-resolved reverberation mapping to show that the
BLR is predominantly virialized and hence can be used to
estimate black hole masses. The cross-correlation method
has been used to determine lags for hot dust IR emitting
regions (Clavel, et al. 1989), lags for extreme UV and X-ray
emitting regions (Chiang, et al. 2000), and for scattering
regions producing polarized light (Gaskell, et al. 2012).
Fundamental assumptions of reverberation mapping
recognized from the outset are that
c© 0000 The Authors
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(i) variations of the observed intensity of reprocessed
radiation only depend on the intensity of the radiation being
reprocessed,
(ii) changes in the observed continuum (in the optical,
say) are a good proxy for the radiation being reprocessed
(ionizing radiation in the UV for example) and
(iii) the structure of the emitting and reprocessing re-
gions does not change on the timescale of the observing cam-
paign.
It has long been recognized that the response of the
BLR to continuum changes is not necessarily going to be
a simple power law. Pronik & Chuvaev (1972) showed that
the response of the broad Hβ line saturates, something ex-
pected when there are matter-bounded clouds, and Sparke
(1993) pointed out that the response can be negative in some
circumstances. As for the second assumption, using the op-
tical flux as a proxy for the ionizing flux has also always
been recognized as a major limitation. However, as regards
the third assumption, the structure of the emitting and re-
processing regions has generally been thought not to change
on the timescale of observing campaigns, with the exception
of the BLR getting smaller when an AGN is in a low state
(so-called “breathing” - see Cackett & Horne 2006).
There are some additional assumptions that are not
usually explicitly stated:
(iv) the driving radiation is only emitted from what is
effectively a point source at the centre of the AGN
(v) the emission of the driving radiation is azimuthally
symmetric about the axis of symmetry and
(vi) the reprocessing regions are also azimuthally sym-
metric (e.g., they have a spherical or disc-like distribution
or are in a bi-polar wind).
If all of the above assumptions are correct, the light
curve of the reprocessed radiation is the optical light curve
convolved with an impulse function1 which only depends on
the geometry. In this paper we show that there are many
anomalous cases where observed line light curves cannot be
explained by convolving the optical light curve with an im-
pulse function and therefore one or more of the standard
assumptions must break down. We first review the previous
evidence for anomalous BLR responses. We then examine
well-observed Hβ and continuum light curves of NGC 5548
and a large number of other AGNs to investigate the fre-
quency and duration of anomalous responses. We argue that
anomalies are much more common than has hitherto been
recognized. We discuss the timescales of anomalies and their
relationship to continuum variability. Finally, we consider
possible causes of the anomalies in the light of our results.
1 As Uttley, et al. (2014) point out (see their footnote 1), the sig-
nal processing term for the response of a system to a δ-function
is “impulse function”. Following Blandford & McKee (1982) the
impulse function has been commonly called the “transfer func-
tion” in reverberation mapping, but, as Uttlet et al. point out, in
signal processing the latter term is used for the Fourier transform
of the impulse function.
2 EARLY OBSERVATIONS AND
INTERPRETATIONS
2.1 Variability of the total line flux
Gaskell & Sparke (1986) introduced the cross-correlation
method to determine lags because observations then available
were of relatively poor quality and irregularly sampled. The
goal was simply to determine the lag – the first moment of
the impulse function – which gives a responsivity-weighted
size of the reprocessing region, or, in the case of velocity-
resolved reverberation mapping, gives kinematic informa-
tion. A lot of early discussion (e.g., Gaskell & Peterson 1987)
was about the reliability of lags determined by the cross-
correlation method, especially when the time series were ir-
regularly sampled. Simply determining lags (often for get-
ting black hole masses) was, and often still is, a main focus of
many reverberation mapping campaigns. Papers only rarely
compared observed line fluxes with what was predicted from
continua convolved with impulse functions. Instead, a typi-
cal reverberation mapping paper shows raw light curves and
for analysis shows just the cross-correlation functions as an
indication of the reliability of the lag determinations.
The first comparisons of line fluxes with predictions
from continua convolved with an impulse function were
shown by Krolik, et al. (1991) (see their Figs. 10 – 12) for the
UV observations of Clavel, et al. (1991) of NGC 5548 and
by Horne, Welsh & Peterson (1991) for the Hβ observations
of Peterson, et al. (1991) of the same AGN. Although there
are some small systematic deviations, the agreement gen-
erally seems good. Discrepancies were tacitly written off as
observational errors.
There is an important problem that could not have been
appreciated at the time and that was giving a false sense of
agreement: the impulse functions used extend too far back
in time. We now know that the IR emission from the inner
wall of hot dust in NGC 5548 has a lag in the range of 40
– 70 days depending on the level of activity (Koshida, et al.
2014) so the strong contributions to the impulse function
at times of 150 – 200 days needed to match the line light
curves cannot be real because it would put the BLR be-
yond the wall of dust. The times of the spurious peaks in
the impulse functions correspond to the typical times be-
tween continuum events. As Maoz (1994) pointed out, there
is a sort of aliasing. The inversion program used to esti-
mate the impulse function (e.g.,, by Krolik, et al. 1991 and
Horne, Welsh & Peterson 1991) adds in a response to much
earlier events in an effort to improve an imperfect fit.
Something that makes spurious responses from too
early times seem real is that the widely-used maxi-
mum entropy inversion method is constrained to produce
a positive impulse function, a problem pointed out by
Krolik & Done (1995). The Subtractive Optimally Local-
ized Averages (SOLA) modification of the Backus Gilbert
method (Pijpers & Wanders 1994) and the regularized lin-
ear inversion method of Krolik & Done (1995) both allow
the impulse function to go negative. This gives further free-
dom in fitting the convolved continuum to line flux obser-
vations but because it gives an impulse function that goes
negative it is more obvious that features in the impulse func-
tion at large times are not real.
As spectroscopic monitoring of AGNs improved in qual-
ity and quantity, anomalies became more apparent. Maoz
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(1994) gave a valuable critical appraisal of the best rever-
beration mapping up to that time and pointed out that
“details of emission-line light curves cannot be accurately
reproduced with only the simplest assumptions.” In par-
ticular he showed that for NGC 5548 the response differed
from one continuum event to another. The explanation Maoz
(1994) favoured for the anomalous behaviour was variations
in longer-wavelength continuum not reflecting variations in
the ionizing continuum.
Given these changes from event to event it is is not
surprising that the impulse functions of Pijpers & Wanders
(1994) for NGC 5548 show significant variations from year
to year, something that should not happen if the continuum
emission and BLR geometry stay the same.
2.2 Line profile variability
Gaskell (1988) showed that the red and blue wings of
C IV varied together thus excluding the BLR motions be-
ing dominated by outflow. This result has been widely con-
firmed (see references in Gaskell & Goosmann 2013) but
there have been exceptions. Notably, from 2007 observations
of NGC 3227 Denney, et al. (2009b) found the blue wing of
Hβ appearing to lead the red wing, thus implying outflow
of the Hβ-emitting BLR. Denney, et al. (2009b) suggested
that different AGNs have different BLR kinematics. How-
ever, Kollatschny & Dietrich (1996) had earlier shown that
during intensive monitoring of NGC 5548 in 1989 (the same
period considered by Maoz 1994) the C IV line had shown
a change from the blue wing leading to the red wing leading
in only 100 days (see their Fig. 7). Since it is impossible for
the whole BLR to change direction in 100 days, the change
in which line wing was leading the other cannot reflect a
kinematic change. This suggests that the apparent outflow
Denney, et al. (2009b) reported for NGC 3227 is not real
and is due instead to a breakdown of reverberation map-
ping assumptions.
A related result of Kollatschny & Dietrich (1996) was
that only some parts of line profiles varied during contin-
uum outbursts and that which part this was changed be-
tween outbursts. A study of the Hβ line profile variabil-
ity of NGC 5548 over 5 years (Wanders & Peterson 1996)
similarly showed that only part of the line profile varies
strongly (see their Fig. 5) and which part this is varies from
year to year. In the high-temporal-resolution monitoring of
NGC 5548 by Denney, et al. (2009b) the velocity range over
which Hβ varies the most is remarkably narrow – notice
the large sharp spike in the blue wing of the RMS vari-
ability spectrum in their Fig. 1c. Even more interestingly,
Sergeev, Pronik & Sergeeva (2001) showed that for another
well-monitored AGN, NGC 4151, during each observing sea-
son there were one or more very narrow velocity ranges of
the line profile that did not vary with the continuum (see
their Fig. 9). Furthermore, the velocity of these uncorrelated
regions varies from year to year.
3 THE STATISTICS OF ANOMALOUS
BEHAVIOURS
To investigate how common anomalous responses of total
line fluxes are, we compared the observed Hβ fluxes with
predictions from the optical continuum light curves for the
best-studied AGN, NGC 5548, and a large number of other
AGNs. We chose Hβ because it is by far the most widely
observed broad line in reverberation mapping campaigns.
3.1 Sample
The best reverberation mapping results are summarized in
the on-line data base described by Bentz & Katz (2015). We
omit objects where the data did not permit a black hole
mass estimation and restrict ourselves to cases where the
observed Hβ and continuum fluxes are readily available in
the literature or on-line. The objects we studied are given
in alphabetical order in Table 1 with the reference(s) to the
data and the lags are derived by the authors. When authors
give multiple estimates of the lag, we used the centroid lags
given by the standard interpolated cross-correlation function
method of Gaskell & Sparke (1986). Details of this are given
in Gaskell & Peterson (1987). As noted in Table 1, we have
sometimes averaged different lag estimates.
3.2 Analyses
We linearly interpolated the optical continuum points and
convolved the resulting light curve with an impulse function.
For the impulse function we used a simple box car centered
on the lag derived by the cross-correlation method by the
observers and we adopted a half width of half the lag. As
noted by Maoz (1994), the fits are insensitive to the assumed
shape of the impulse function and the anomalous responses
we find (see below) are far larger than any differences that
can be explained by the shape of the impulse function. Note
that for objects with multiple years of observation, especially
NGC 5548, we have taken an average lag even though differ-
ent lags can be found for different years and the lag varies as
expected with the activity level (so-called “breathing” – see
Cackett & Horne 2006). The fits on short timescales can, of
course, be improved if the lag is a free parameter, but de-
viations from what is predicted with a given lag are one of
the things we are looking for. In the absence of earlier ob-
servations, the curves showing the interpolated continuum
convolved with the impulse function necessarily begin 1.5
times the lag (i.e., the width of our impulse function) after
the first observed continuum point because we often have no
knowledge of what the continuum was doing before the first
observation.
The next step in our analysis was to scale the con-
volved continuum to try to fit the observed Hβ fluxes. For
NGC 5548, where the observations cover a wide range of con-
tinuum levels and the curvature of the relationship is clear
(see Fig. 2a of Cackett & Horne 2006), we used a polyno-
mial fit. For the other objects where the curvature was not
obvious we simply used a linear relationship. For these ob-
jects our first attempt at scaling was to make the means
and variances of the observed line fluxes and the convolved
continuum fluxes for the same dates be the same. The plots
were then examined by eye and slope of the linear scaling
was adjusted to try to match the observed line fluxes better.
We finally calculated the ratios of the observed Hβ fluxes to
the prediction for the same date.
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4 RESULTS
4.1 NGC 5548
The 13-year monitoring of NGC 5548 by the International
AGN watch makes it by far the best monitored AGN. For
consistency and comparison with other objects we analyzed
NGC 5548 in the same way we analyzed other objects. We
show the results in Figs. 1 and 2. Figure 1 shows the compar-
ison between observed Hβ fluxes and the predictions from
the continuum for the whole 13-year period 1989-2001. De-
tails for each individual observing season can be seen in the
pairs of panels in Fig. 2. The upper panel of each pair shows
the observed Hβ fluxes (the points) and the predictions from
the continuum (the curves). The black dots at the bottom
show the observed continuum for reference. Note, however,
that the observed continuum has been arbitrary shifted and
scaled for display purposes. The lower panel of each pair
shows the ratios of observed Hβ line fluxes to the predicted
fluxes. The upper left pair of panels show all 13 years of
data; the other pairs show individual years. Note that for
the panel labelled “1989” the observations actually began
in December 1988 and similarly for the other panels. Note
also that the ranges of the vertical scales are not always the
same.
It can be seen from Fig. 1 and the upper left panel of
Fig. 2 that for the 13-year data set as a whole, Hβ gener-
ally follows the optical continuum. However, it is clear from
Fig. 1 and Fig. 2 that there are deviations from year to year
and on timescales of weeks to months or longer. The panels
for individual years show details of these deviations more
clearly. Only for one season (1995) is there agreement with
the prediction to within ±10% throughout the season. In-
spection of Figs. 1 and 2 shows many case where the same
predictions based on the continuum have different observed
line fluxes (e.g., as in 1997) or where the observed line fluxes
are the same, but the predictions differ (compare, for exam-
ple, the beginning and end of the 1993 season).
From examination of the residual plots we can get some
idea of the timescale of changes in the inner regions of an
AGN. Remember that an important difference between our
analysis of NGC 5548 and the study of Cackett & Horne
(2006) is that we have taken a constant mean lag (17.8
days), rather than letting the lag be a free parameter. This
means, of course, that the deviations in our Fig. 1 and Fig. 2
are larger than the corresponding ones in Cackett & Horne
(2006). Since the lag of Hβ does change with luminosity
(“breathing”), a consequence of our constant lag is that, on
average, peaks and dips in Hβ will be predicted to be too
late in low states (e.g., see 2001) and too early in high states
(e.g., see 1999). However, in 1992, while we see the predic-
tions being too late for the low state around MJD 48800,
only two months earlier in an even lower state around 48740
the prediction is right on time. The effect of lags being wrong
is to produce a quite sharp up and down in the residuals on a
timescale on the order of the light-crossing time. The sharp-
ness of this does not necessarily give the timescale of viola-
tions of the assumptions of reverberation mapping. Instead
we can identify more rapid anomalies when the residuals
shown in the lower panels change without there having been
an obvious strong event in the light curves, There were a
couple of examples of this in 199 (MJDs 51200 and 51370).
We can identify anomalies on all continuum-variability
timescales. On the longest timescale we see some years that
are systematically off (e.g., in 1989 the observed line fluxes
are systematically too high compared with the prediction)
and some years that show a gradual linear trend over the
year. This implies that the timescale of anomalies can be
longer than a year. For example, there are clear downward
trends in ratio of observed to predicted Hβ fluxes in 1990,
1991 and most of 2001, and strong upward trends in 1993
and 1994. We can also see that when the mean continuum
flux level is similar, there can be differences in lags For ex-
ample, in 1996 the mean continuum level is about the same
as in 1997. In 1996 Hβ follows the continuum well up until
the end of the observing season where it suddenly ceases to
follow the continuum for about 60 days. At the start of 1997
Hβ was then too strong and the minimum at around JD
2450530 came much later than predicted (by about a factor
of two in the lag). However, within 60 days the Hβ response
is back on track again.
It can be seen from Fig. 2 that the timescales for the
anomalies are typically about 60-100 days. The timescales
and amplitudes of the anomalies are similar to the so-called
2014 “holiday” of NGC 5548 (Goad, et al. 2016; Pei, et al.
2017). That “holiday” was thus neither unique nor unprece-
dented for NGC 5548.
Interestingly, the anomalies do not seem to be corre-
lated with events in the continuum in any obvious way. The
only correlation we found (Fig. 3) is between the size of
the anomaly and the level of activity. In Fig. 3 we show
the absolute value of the logarithm of the residual because
the logarithms of the residuals are symmetric about zero by
construction (i.e., because of the calibration between mean
line intensity and mean continuum flux). Although anoma-
lies are present at all activity levels, they are clearly larger
when NGC 5548 is in a low state. We checked whether this
could be an artifact of the relative errors in the line fluxes
being larger when NGC 5548 was fainter and we did not find
a significant effect.
Another results is that, except for when NGC 5548 is
in a low state, the amplitudes of the anomalies are generally
less than 20%. There are no large factor of two anomalies,
for example.
4.2 Other AGNs
We show our results for other AGNs in Fig. 4. The panels
are organized as in Fig. 2, but note that the scales on the
time axes differ significantly from object to object. For some
the plots cover a number of years while for other it might be
only a month or so. For each pair of panels we have given the
lag we adopted. Where this is an average of multiple studies
this is stated in Table 1. The scaling between the convolved
continuum and the Hβ fluxes is not as well established for
these other AGNs as for NGC 5548. To interpret each panel
of ratios it is necessary to look at the fit to the light curve
directly above it to see if changes in the ratio are a conse-
quence of the choice of scaling of the predicted flux from
the continuum observations. Scaling issues can be ruled out
as the cause of anomalies when the residuala have opposite
signs at similar line or continuum flux levels.
It can be seen from Fig. 4 that for some objects, such
as WAS 61 and for the first period of monitoring of 3C 273
(= PG 1226+023), the agreement between the observed line
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fluxes with the predictions of simple theory is good and there
are no systematic deviations over the period of monitoring.
However, most other cases show systematic deviations (and
3C 273 shows them for the second monitoring period). As
with NGC 5548, the most common changes in the ratio of
observed to predicted fluxes are slow gradual changes during
the course of the an observing season. The timescale of these
changes is often longer than the monitoring period. As for
NGC 5548 though, there are many cases where the ratio
changes relatively abruptly or rapidly.
As for NGC 5548 the amplitude of the anomalies in the
other AGNs is almost always less than 20%.
5 POSSIBLE CAUSES OF ANOMALIES
5.1 Instrumental effects?
It is possible that abrupt changes are due to changes in in-
strumental setup. Most of the studies produced very homo-
geneous data sets (same telescope, same spectrograph set-
tings) and in multi-observatory campaigns inter-telescope
differences have been carefully calibrated out by the origi-
nal authors. Although some calibration issues might remain,
we do not think they are the cause of the anomalies.
5.2 Analysis artifacts?
The precise shape of the changes in the ratio does obviously
depend on our choice of scaling of the convolved contin-
uum to the observed line fluxes. For NGC 5548 there is a
very extensive data set that permits a good determination
of the average relationship between the Hβ flux and the con-
tinuum flux, but for many other objects the relationship is
uncertain and we have limited temporal coverage.. Overesti-
mating or underestimating the amplitude of variations will
produce changes in the ratio that are correlated with the
light curves of AGN. Nevertheless it can be seen by inspect-
ing pairs of panels in Figs. 2 and 4 that for most AGNs with
non-constant ratios of residuals in the lower panels, changing
the scaling of the predictions will not make the discrepancies
go away. This is obviously the case when there are different
residuals at the same flux level.
5.3 Emission from jets?
We now turn to possible causes due to the AGNs them-
selves. The observed continuum of a blazar is dominated
by relativistically-beam emission from a jet aimed close to
our line of sight. Therefore much of the variable radiation
we see does not impinge on the BLR. 3C 273 shows some
blazar-like characteristics (see, for example Ghisellini, et al.
2010). We would therefore expect there to be times when we
are seeing the variability of the jet and not of the accretion
disc and corona. However, we find that anomalous BLR re-
sponses are so common that blazar-like activity cannot be
the explanation in general since most AGNs are not blazars.
5.4 Independent variability of optical and
high-energy continua
It has always been recognized that using the optical flux as
a proxy for the ionizing flux is a weak point in reverberation
mapping. Koratkar & Gaskell (1989) found an anomalous
response of C IV compared with the λ1346 continuum and
found that the C IV line variability could be explained by
including the X-ray variability which did not track the UV
variability. The X-ray flux of AGNs is frequently unrelated
on short timescales to the UV and optical flux. For example,
multi-wavelength monitoring of NGC 4151 (Edelson, et al.
1996) shows a powerful flare in the 1 – 2 keV X-rays
that is also see at λ1370. It has no effect in the V -band,
however. For NGC 3516 the 2–10 keV X-rays are impres-
sively uncorrelated with the optical (Maoz, et al. 2002). For
3C390.3 Gaskell (2006) shows simultaneous events around
JD 2449800 in the 0.1 – 2 keV soft X-rays and in the UV
at λ1370 but no major flare in the optical. At JD 2449975
there is a soft X-ray flare with no counterpart in the UV or
optical. Then at JD 2449950 there is a strong flare in the UV
that is not seen in the optical (but which might be followed
by an X-ray flare 5 days later.)
These multi-wavelength monitoring campaigns and oth-
ers confirm that optical variability is a poor proxy for vari-
ability of the ionizing continuum. We therefore believe that
the often poor correlation between optical continuum vari-
ability and the ionizing continuum variability is the most
likely cause of anomalous BLR responses. The next question
then is why are different continua (optical, UV and X-rays)
so independent?
5.5 Anisotropic continuum emission
Gaskell (2006) suggest that because continuum variability is
so rapid, bulk relativistic or near-relativistic motions must
be involved even in non-blazars and the associated emission
will naturally be anisotropic. This will lead to components
of emission varying independently because different parts of
reprocessing regions will be excited at by different events
(see Fig. 5 of Gaskell 2006). Since the low-ionization BLR
responsible for Hβ emission is a flattened disc (see Gaskell
2009), different parts of the line profile come from different
parts of this disc. Anisotropic continuum emission means
that the BLR disc is not illuminated uniformly and hence
different parts of the line profile will show different correla-
tions with the optical continuum as discussed above. As we
note in Section 2.2 above, this is commonly observed to be
the case.
5.6 Off-axis continuum emission
Although on average energy generation from an accretion
disc is strongest at small radii (Lynden-Bell 1969), it can-
not peak exactly in the centre because this is where the
black hole is. Variability has to take place at least a few
Schwarzschild radii away. Gaskell (2008) argued that strong
UV variability without soft X-ray or optical variability (for
example, what happened around JD 2449950 in 3C390.3)
requires that the source of the variable emission be off-axis
(see cartoon in Fig. 5b of Gaskell 2011). He pointed out
that this would cause anomalous BLR responses. Gaskell
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(2010) and Gaskell (2011) show how off-axis variability nat-
urally explains changes in BLR line profiles, their correla-
tion or lack of correlation with continuum variability, and
changes in kinematic signatures in velocity-resolved rever-
beration mapping. These changes are generally to be ex-
pected to be on the timescale of continuum variability (i.e.,
the time a region remains active), as is observed for the
anomalous BLR responses discussed here. Gaskell (2010)
and Goosmann, Gaskell & Marin (2014) discuss how off-axis
variability additionally explains the velocity and time depen-
dence of polarization of the BLR.
5.7 Absorbing clouds
In general, anomalous BLR responses require departures
from axial symmetry. In addition to anisotropic and
non-axisymmetric emission just discussed, another possi-
ble explanation of BLR anomalies is patchy obscuration
(Gaskell & Harrington 2018). This is most likely to hap-
pen in the AGNS most inclined our line of sight. Because
the obscuration needs to cross our line of sight, the patches
will only cause anomalies on timescales of months to years.
Gaskell & Harrington (2018) show how patchy obscuration
can readily explain the changes Pei, et al. (2017) found in
the velocity-dependent lags of Hβ in NGC 5548 over only a
few months. In Fig. 5 of Gaskell & Harrington (2018) it can
be seen the the passage of patches of obscuration across the
BLR change the average lag of Hβ.
6 LIMITATIONS OF REVERBERATION
MAPPING
Anomalous BLR responses are a major source of error in
estimating BLR sizes. PG 2130 (see Fig. 4) provides a good
illustration of this. The continuum is in a high state around
JD 2449700. Hβ is in a high state around JD 2449900, about
200 days later. However, with the hindsight of knowing from
Grier, et al. (2008, 2012) that the true lag is probably ≈ 15
days, one can notice in Fig. 4 how the many rapid changes
in the Hβ flux of PG 2130+099 match similar changes in
the continuum with the shorter lag.
Because of anomalous BLR responses, getting better
BLR radii is not a matter of getting better sampling. A short
intensive campaign might give an apparently accurate lag for
Hβ, but another campaign at a later time could give a dif-
ferent lag. The abnormally short NGC 5548 Hβ lag found
in the 2014 (Pei, et al. 2017) is a good illustration. If the
aim of a monitoring program is to get reliable lag for a large
emitting region (such as that producing Hβ), as opposed to
determining smaller lags such continuum lags or the lag of
He II, then the campaign needs to be longer than the typi-
cal duration of anomalies. For a typical AGN with a lag of
a week to a month (such as the majority of AGNs in Table
1) one needs observations covering a couple of years.
The cross-correlation method should not be used
blindly for determining lags and their associated errors in
lags. It is important to plot observed line variability with
predicted variability, as we have done here, to spot anoma-
lous behavior.
7 CONCLUSIONS
We find that anomalous BLR responses are common events
found in the majority of reverberation-mapped AGNs. In
fact, “anomalies” are the rule rather than the exception.
This shows that the standard assumption of the optical con-
tinuum being a good proxy for a driving, central ionizing
continuum is not a good assumption.
Mechanisms to explain anomalous responses of BLRs
need to explain how common they are. All deviations of the
total line flux such as those shown here can be explained
by the ionizing radiation varying relatively independently,
especially on the timescale of typical optical variability, but
variable obscuration is another possibility.
The evidence from changes in impulse functions, line
profile variability, and velocity-resolved reverberation map-
ping points to anisotropic and/or off-axis continuum vari-
ability as the cause of the most rapid anomalous behaviour.
Compact absorbing clouds crossing our line of sight can also
be a cause ofchanges.
The ubiquity of anomalous BLR responses is a major
limitation to the reliability of reverberation mapping cam-
paigns studying total lines fluxes or parts of line profiles
(velocity-resolved reverberation mapping). For the Hβ line
denser sampling will not lead to better results. Instead, for
obtaining the most accurate lags it is important that mon-
itoring campaigns are longer that the timescale of typical
anomalies. For typical bright Seyferts this means more than
one year. The cross-correlation method of determining lags
should not be used blindly. The observed line fluxes should
always be compared with the continuum light curve con-
volved with a impulse function and anomalous responses
noted.
ACKNOWLEDGMENTS
KB, JND and IX carried out their work under the auspices
of the Science Internship Program (SIP) of the University
of California at Santa Cruz. We wish to express our appre-
ciation to Raja GuhaThakurta for his excellent leadership
of the SIP program.
REFERENCES
Antonucci, R. R. J., & Cohen, R. D. 1983, ApJ, 271, 564
Barth, A. J., Nguyen, M. L., Malkan, M. A., et al., 2011, ApJ,
732, 121
Bentz, M. C., & Katz, S. 2015, PASP, 127, 67
Bentz, M. C., Denney, K. D., Grier, C. J., et al. 2013, ApJ, 767,
149
Bentz, M. C., Horenstein, D., Bazhaw, C., et al. 2014, ApJ, 796,
8
Blandford, R. D., & McKee, C. F. 1982, ApJ, 255, 419
Cackett, E. M., Horne K., 2006, MNRAS, 365, 1180
Carone, T. E., Peterson B. M., Bechtold, J., et al. 1996, ApJ, 471,
737
Cherepashchuk, A. M., & Lyutyi, V. M. 1973, Ap. Lett., 13, 165
Chiang, J., Reynolds, C. S., Blaes, O. M., et al. 2000, ApJ, 528,
292
Clavel, J., Wamsteker, W., & Glass, I. S. 1989, ApJ, 337, 236
Clavel, J., et al. 1991, ApJ, 366, 64
Collier, S. J., et al. 1998, ApJ, 500, 162
MNRAS 000, 000–000 (0000)
Anomalous BLR responses 7
Denney, K. D., Bentz, M. C., Peterson, B. M., et al. 2006, ApJ,
653, 152
Denney K. D., et al., 2009a, ApJ, 702, 1353
Denney, K. D., et al. 2009b, ApJ Letts. 704, L80
Denney, K. D., Peterson, B. M., Pogge, R. W., et al. 2010, ApJ,
721, 715
Dietrich, M., et al. 1998, ApJS, 115, 185
Du, P., Hu, C., Lu, K.-S., et al. 2014, ApJ, 782, 45
Doroshenko, V. T., Sergeev, S. G., Klimanov, S. A., et al. 2012,
MNRAS, 426, 416
Edelson R. A., et al., 1996, ApJ, 470, 364
Gaskell, C. M. 1988, ApJ, 325, 114
Gaskell, C. M. 2006, Astron. Soc. Pacific Conf. Ser., 360, 111
Gaskell, C. M. 2008, Rev. Mexicana Astron. Ap. Conf. Ser., 32, 1
Gaskell, C. M. 2009, New Astron. Rev, 53, 140
Gaskell, C. M. 2010, [arXiv:1008.1057]
Gaskell, C. M. 2011, Baltic Astron., 20, 392.
Gaskell C. M., Goosmann R. W., 2013, ApJ, 769, 30
Gaskell, C. M., Goosmann, R. W., Antonucci, R. R. J., &
Whysong, D. H. 2004, ApJ, 616, 147
Gaskell, C. M., Goosmann, R. W., Merkulova, N. I., Shakhovskoy,
N. M., & Shoji, M. 2012, ApJ, 749, 148
Gaskell, C. M., Harrington P. Z., 2018, MNRAS, 478, 1660
Gaskell, C. M. & Peterson, B. M. 1987, ApJS, 65, 1
Gaskell, C. M. & Sparke, L. S. 1986, ApJ, 305, 175
Ghisellini, G., Tavecchio, F., Foschini, L., et al. 2010, MNRAS,
402, 497
Goad, M. R., et al., 2016, ApJ, 824, 11
Goosmann R. W., Gaskell C. M., Marin F., 2014, AdSpR, 54,
1341
Grier, C. J., et al., 2008, ApJ, 688, 837
Grier, C. J., Peterson, B. M., Pogge, R. W., et al. 2012, ApJ, 755,
60
Horne, K., Welsh W. F., Peterson B. M., 1991, ApJL, 367, L5
Jovanovic´, P., Popovic´, L. Cˇ., Stalevski, M., & Shapovalova, A. I.
2010, ApJ, 718, 168
Kaspi, S., et al., 1996, ApJ, 470, 336
Kaspi, S., Smith, P. S., Netzer, H., et al. 2000, ApJ, 533, 631
Kollatschny, W., Dietrich M., 1996, A&A, 314, 43
Kollatschny, W., Ulbrich, K., Zetzl, M., Kaspi, S., & Haas, M.
2014, A&A, 566, A106
Koratkar, A. P. & Gaskell, C. M. 1989, ApJ, 345, 637
Korista, K. T, et al., 1995, ApJS 97, 285
Koshida, S., et al., 2014, ApJ, 788, 159
Krolik, J. H. et al. 1991, ApJ, 371, 541
Krolik, J. H., & Done, C. 1995, ApJ, 440, 166
Lynden-Bell D., 1969, Nature, 223, 690
Lyutyi, V. M., & Cherepashchuk, A. M. 1972, Astronomicheskij
Tsirkulyar, 688
Maoz, D. 1994, in Reverberation Mapping of the Broad-Line
Region in Active Galactic Nuclei, eds. P. M. Gondhalekar,
K. Horne, and B. M. Peterson (San Francisco: Astron. Soc.
Pacific), ASP Conf. Ser. 69, 95
Maoz D., Markowitz A., Edelson R., Nandra K., 2002, AJ, 124,
1988
O’Brien, P. T., et al. 1998, ApJ, 509, 163
Pei, L., Barth, A. J., Aldering, G. S., 2014, ApJ, 795, 38
Pei, L., et al., 2017, ApJ, 837, 131
Peterson, B. M., et al.1991, ApJ, 368, 119
Peterson, B. M., et al., 1992, ApJ, 392, 470
Peterson, B. M., et al., 1994, ApJ 425, 622
Peterson, B. M., Wanders, I., Bertram, R., et al. 1998, ApJ, 501,
82
Peterson, B. M., et al., 1999, ApJ, 510, 659
Peterson, B. M., et al., 2000, ApJ, 542, 161
Peterson, B. M., et al., 2002, ApJ, 581, 197
Peterson B. M., et al., 2014, ApJ, 795, 149
Pijpers, F. P., & Wanders, I. 1994, MNRAS, 271, 183
Pronik, V. I., Chuvaev K. K., 1972, Ap, 8, 112
Rafter S. E., Kaspi, S., Chelouche D., et al. 2013, ApJ, 773, 24
Santos-Lleo, M., Chatzichristou, E., Mendes de Oliveira, C., et
al. 1997, ApJS, 112, 271
Santos-Lleo, M., Clavel, J., Shulz, B., et al. 2001, ApJ, 369, 57
Sergeev S. G., Pronik V. I., Sergeeva E. A., 2001, ApJ, 554, 245
Shemmer, O., Romano, P., Bertram, R., et al. 2001, ApJS, 561,
162
Sparke, L. S., 1993, ApJ, 404, 570
Stirpe, G. M., Winge, C., Altieri, B., et al. 1994, ApJ, 425, 609
Ulrich, M. H., Boksenberg, A., Bromage, G. E., et al. 1984, MN-
RAS, 206, 221
Uttley, P., Cackett E. M., Fabian A. C., Kara E., Wilkins D. R.,
2014, A&ARv, 22, 72
Wanders I., Peterson B. M., 1996, ApJ, 466, 174
Wang, J. -M., Du, P., Hu, C., et al. 2014, ApJ, 793, 108
Xiong, D., Bai, J., Zhang, H., et al. 2017, ApJS, 229, 21
Zhang, Z.-X., Du, P., Smith, P. S., et al. 2019, ApJ, 876, 49
MNRAS 000, 000–000 (0000)
8 C. M. Gaskell et al.
Table 1. Light Curves Analyzed
Object References τcen Notes
1RXS J1858+4850 Pei, et al. (2014) 13.53
3C 120 (1) Peterson, et al. (1998) 30.63 Lag averaged
3C 120 (2) Kollatschny, et al. (2014) 30.63
3C 390.3 Dietrich, et al. (1998) 20
Akn 120 Peterson, et al. (1998) 51.4 Lag averaged
Akn 564 Shemmer, et al. (2001) 30
Fairall 9 Santos-Lleo, et al. (1997) 23
Mrk 6 Doroshenko, et al. (2012) 15.8 Lag averaged
Mrk 79 Peterson, et al. (1998) 13.7 Lag averaged
Mrk 110 Peterson, et al. (1998) 25.33 Lag averaged
Mrk 142 Du, et al. (2014) 2.9 Lag averaged
Mrk 279 Santos-Lleo, et al. (2001) 16.7
Mrk 290 Denney, et al. (2010) 8.72
Mrk 335 Peterson, et al. (1998) 14.6 Lag averaged
Mrk 486 Wang, et al. (2014) 20
Mrk 493 Wang, et al. (2014) 12.2
Mrk 509 Carone, et al. (1996) 80
Mrk 590 Peterson, et al. (1998) 23.18 Lag averaged
Mrk 817 Denney, et al. (2010) 20.5 Lag averaged
Mrk 1044 Wang, et al. (2014) 4.8 Lag averaged
NGC 3516 Denney, et al. (2010) 11.7
NGC 3783 Stirpe, et al. (1994) 8
NGC 4051 (1) Peterson, et al. (2000) 2
NGC 4051 (2) Denney, et al. (2009a) 2
NGC 4151 Kaspi, et al. (1996) 2
NGC 4593 Denney, et al. (2006) 4.0 Lag averaged
NGC 5273 Bentz, et al. (2014) 2.21
NGC 5548 Peterson, et al. (1991) 17.83 Lag averaged
Peterson, et al. (1992)
Peterson, et al. (1994)
Korista, et al. (1995)
Peterson, et al. (1999)
Peterson, et al. (2002)
NGC 7469 (1) Collier, et al. (1998) 8.1
NGC 7469 (2) Peterson, et al. (2014) 8.1
PG 0026+129 Kaspi, et al. (2000) 111
PG 0804+761 Kaspi, et al. (2000) 146.9
PG 0953+414 Kaspi, et al. (2000) 150.1
PG 1211+143 Kaspi, et al. (2000) 103
PG 1226+023 (3C 273) (1) Kaspi, et al. (2000) 306.8
PG 1226+023 (3C 273) (2) Xiong, et al. (2017) 146.8
Zhang, et al. (2019)
PG 1229+204 Kaspi, et al. (2000) 37.8
PG 1307+085 Kaspi, et al. (2000) 105.6
PG 1411+442 Kaspi, et al. (2000) 124.3
PG 1426+015 Kaspi, et al. (2000) 95
PG 1613+658 Kaspi, et al. (2000) 40.1
PG 1617+175 Kaspi, et al. (2000) 71.5
PG 1700+518 Kaspi, et al. (2000) 251.8
PG 2130+099 (1) Kaspi, et al. (2000) 16.25
PG 2130+099 (2) Grier, et al. (2008) 22.9
PG 2130+099 (3) Grier, et al. (2012) 9.6
PG0052+251 Kaspi, et al. (2000) 89.9
SDSS J1139+3355 Rafter, et al. (2013) 5.4
WAS 61 Du, et al. (2014) 11.4
Zw 229-015 Barth, et al. (2011) 3.86
MNRAS 000, 000–000 (0000)
Anomalous BLR responses 9
468
1
0
1
2
1
4
Relative Flux
02 4
7
5
0
0
4
8
0
0
0
4
8
5
0
0
4
9
0
0
0
4
9
5
0
0
5
0
0
0
0
JD
 -
2
4
0
0
0
0
0
468
1
0
1
2
1
4
Relative Flux
02 5
0
0
0
0
5
0
5
0
0
5
1
0
0
0
5
1
5
0
0
5
2
0
0
0
JD
 -
2
4
0
0
0
0
0
Figure 1. Observed Hβ fluxes (points) for NGC 5548 from 1988 to 2001 versus the prediction from the optical continuum (curve). See
text for details.
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Figure 2. Optical continuum (λ5100) and Hβ flux variability for NGC 5548 for the years indicated (upper panels). Observed Hβ fluxes
are shown in green; predictions from continuum light curves are shown as blue curves. The observed continuum fluxes with an arbitrary
scaling and offset are shown as black dots at the bottom of each panel. See text for details.
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Figure 2. – Continued.
MNRAS 000, 000–000 (0000)
12 C. M. Gaskell et al.
50000 50100 50200 50300 50400
JD - 2400000
2
4
6
8
10
12
Re
la
tiv
e 
Fl
ux
NGC 5548 (1996)
50450 50500 50550 50600 50650 50700 50750
JD - 2400000
2
4
6
8
10
12
Re
la
tiv
e 
Fl
ux
NGC 5548 (1997)
50000 50100 50200 50300 50400
JD - 2400000
0.6
0.8
1.0
1.2
1.4
Re
sid
ua
l
NGC 5548 (1996)
50450 50500 50550 50600 50650 50700 50750
JD - 2400000
0.6
0.8
1.0
1.2
1.4
Re
sid
ua
l
NGC 5548 (1997)
50750 50800 50850 50900 50950 51000 51050 51100
JD - 2400000
4
6
8
10
12
Re
la
tiv
e 
Fl
ux
NGC 5548 (1998)
51100 51200 51300 51400 51500
JD - 2400000
2
4
6
8
10
12
Re
la
tiv
e 
Fl
ux
NGC 5548 (1999)
50750 50800 50850 50900 50950 51000 51050 51100
JD - 2400000
0.6
0.8
1.0
1.2
1.4
Re
sid
ua
l
NGC 5548 (1998)
51100 51200 51300 51400 51500
JD - 2400000
0.6
0.8
1.0
1.2
1.4
Re
sid
ua
l
NGC 5548 (1999)
Figure 2. – Continued.
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Figure 2. – Concluded.
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Figure 3. The absolute value of the logarithm of the residuals of the NGC 5548 Hβ fluxes from the fluxes predicted from the continuum
variability versus the λ5100 continuum flux. The red circles show the means.
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Figure 4. As in Figure 2, but for other AGNs. The adopted lags (in days) are indicated.
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Figure 4. – Continued.
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